Background: Alectinib has shown a greater efficacy to ALK-rearranged non-small-cell lung cancers in first-line setting; however, most patients relapse due to acquired resistance, such as secondary mutations in ALK including I1171N and G1202R. Although ceritinib or lorlatinib was shown to be effective to these resistant mutants, further resistance often emerges due to ALK-compound mutations in relapse patients following the use of ceritinib or lorlatinib. However, the drug for overcoming resistance has not been established yet. Methods: We established lorlatinib-resistant cells harboring ALK-I1171N or -G1202R compound mutations by performing ENU mutagenesis screening or using an in vivo mouse model. We performed drug screening to overcome the lorlatinib-resistant ALK-compound mutations. To evaluate these resistances in silico, we developed a modified computational molecular dynamic simulation (MP-CAFEE). Findings: We identified 14 lorlatinib-resistant ALK-compound mutants, including several mutants that were recently discovered in lorlatinib-resistant patients. Some of these compound mutants were found to be sensitive to early generation ALK-TKIs and several BCR-ABL inhibitors. Using our original computational simulation, we succeeded in demonstrating a clear linear correlation between binding free energy and in vitro experimental IC 50 value of several ALK-TKIs to single-or compound-mutated EML4-ALK expressing Ba/F3 cells and in recapitulating the tendency of the binding affinity reduction by double mutations found in this study. Computational simulation revealed that ALK-L1256F single mutant conferred resistance to lorlatinib but increased the sensitivity to alectinib. Interpretation: We discovered lorlatinib-resistant multiple ALK-compound mutations and an L1256F single mutation as well as the potential therapeutic strategies for these ALK mutations. Our original computational simulation to calculate the binding affinity may be applicable for predicting resistant mutations and for overcoming drug resistance in silico. Fund: This work was mainly supported by MEXT/JSPS KAKENHI Grants and AMED Grants.
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Introduction
In 2007, Soda and his colleagues found an echinoderm microtubuleassociated protein-like 4 (EML4)-ALK fusion gene from non-small-cell lung cancers (NSCLCs) [1] . ALK-rearranged NSCLCs account for 3%-5% to induce complex resistance mechanisms, including compound mutations. The ALK-E1210K + D1203N double mutation was discovered from a brigatinib-relapsed specimen of an ALK-rearranged lung cancer treated with first-line crizotinib. This double mutation was shown to be sensitive to lorlatinib in vitro [9] . Currently, although multiple ALKcompound mutants have been identified from lorlatinib sequential therapy resistant patients [12, 13] , the overcoming drugs against most of these mutants have not yet been clarified. To identify the lorlatinib or ceritinib resistance mechanisms in the ALK-G1202R or I1171N mutation-positive cancers, we performed N-ethyl-N-nitrosourea (ENU) mutagenesis screening and established a lorlatinib-resistant tumor using the EML4-ALK-G1202R mutation harboring ALK-positive lung cancer cells in an in vivo mouse model. Molecular dynamic (MD) free energy simulation by the use of MP-CAFEE [14] successfully showed a clear linear correlation between experimental IC 50 values of each ALK-TKI obtained using Ba/F3 cells expressing single-or compound-mutated EML4-ALK and the binding affinities of the ALK-TKI to the corresponding mutants. In addition, fragment molecular orbital (FMO) method [15] precisely quantified a marginal difference in the ALK-drug (alectinib) interaction among ALK mutants (I1171N, I1171N + L1256F, and L1256F), which could not be detected by the conventional MD simulation. Furthermore, we newly found and confirmed that L1256F single mutation confers marked resistance to lorlatinib but is extremely sensitive to alectinib. For a lorlatinib-resistant G1202R + L1196M double mutation, which is highly resistant to all ALK-TKIs, we found potential agents to suppress the resistant double mutation using high throughput drug screening. Our study models the possible lorlatinib-resistant compound mutations and shows potential therapeutic strategies to suppress this resistance.
Materials and methods

Cell lines and reagents
Human embryonic kidney cells, 293FT cells (Invitrogen), were cultured with Dulbecco's Modified Eagle Medium high glucose (DMEM) supplemented with 10% fetal bovine serum and kanamycin (Meiji Seika Pharma, 250 mg/ml). And murine bone marrow derived pro-B cells, Ba/F3 cells, were cultured in DMEM low glucose supplemented with 10% fetal bovine serum, kanamycin and 0.5 ng/ml of interleukin-3 (IL-3). The cells were infected with retrovirus replicated in 293FT cells by transforming them with paging plasmids (pLenti), which contained rearranged cDNA regions encoding EML4-ALK variant 1 and either wild-type or different resistance mutations (lorlatinib, ceritinib or alectinib). The pENTR/D-TOPO vector (Thermo Fisher Scientific) was used to clone the different cDNA regions by utilizing LR clonase II reactions; cells were selected with blastcidin (7 μg/ml) for 1 week. After the selected cells grew, they were cultured in DMEM without IL-3. Alectinib-or ceritinib-resistant EML4-ALK (variants 3)-G1202R mutation-expressing patient-derived cell line JFCR-041-2 cells were cultured in StemPro hESC medium (Thermo Fisher Scientific) supplemented with 1× Antibiotic-Antimycotic Mixed Stock Solution (Nacalai tesque) and Y27632 (10 μM). Alectinib-resistant EML4-ALK (variants 3)-I1171N mutation-expressing patient-derived cell line JFCR-043-2 cells were cultured in media in which RPMI1640 (Thermo Fisher Scientific) and Ham's F-12 (Nacalai tesque) were mixed in equal proportions, supplemented with 10% FBS and 1× Antibiotic-Antimycotic.
Crizotinib (PF-02341066), lorlatinib (PF-06463922) or brigatinib (AP26113) were obtained from Shanghai Biochempartner. Alectinib (CH5424802) and ceritinib (LDK-378) was purchased from ActiveBiochem. 17-AAG was purchased from LC Laboratories. AG-957 was purchased from the Cayman Chemical Company. Adaphostin was purchased from SIGMA. Brigatinib was dissolved in ethanol for cell culture experiments. Other compounds were dissolved in dimethyl sulfoxide (DMSO) for cell culture.
Research in context
Evidence before this study
The first-line ALK-TKI alectinib treatment is an effective therapeutic strategy against ALK-rearranged non-small-cell lung cancers. ALK-I1117N or -G1202R mutations positive tumors have been often found in alectinib-resistant cancers, but these tumors are sensitive to ceritinib or lorlatinib. However, further resistance often emerges due to ALK-compound mutations in relapse patients following the use of ceritinib or lorlatinib.
Added value of this study
This study provides ALK-compound mutations conferring lorlatinib or ceritinib resistance. Moreover, we found that the some of these compound mutations were sensitive to clinically approved ALK-TKIs or several BCR-ABL inhibitors. Additionally, we successfully developed a computational simulation to estimate accurately the affinity of ALK-TKIs to each single resistant ALK mutants and to various compound mutations. Furthermore, we identified lorlatinib resistant ALK-L1256F single mutation in addition to ALK compound mutations.
Implications of all the available evidence
Our results provide potential therapeutic strategies against some lorlatinib-or ceritinib-resistant compound mutations, and support the usefulness of our newly developed in silico computational simulation to predict resistance conferred by kinase mutations and effective candidate drugs. 
Antibodies and immunoblotting
In vivo study of lorlatinib, ceritinib, or alectinib
All in vivo studies were conducted through the Institutional Animal Care and Use Committee-approved animal protocols according to the institutional guidelines. The tumor pieces (approximately 8 mm , the mice were randomized into vehicle control, lorlatinib, ceritinib, or alectinib groups (with n = 6 in each group). For the mice with the JFCR-043-2-transplanted cells, we used vehicle control, 60 mg/kg alectinib, 60 mg/kg ceritinib, or 25 mg/kg lorlatinib. On the other hand, for the mice with the JFCR-041-2-and JFCR-041-2 LorR-transplanted cells, we used vehicle control, alectinib 50 mg/kg, lorlatinib 10 mg/kg, or brigatinib 50 mg/kg. The mice were continuously treated with these agents once a day using oral gavage for 5-6 days/week. The tumor volumes and body weights were measured twice weekly. Relative tumor size was calculated by dividing the tumor size of each day by that of the treatment initiation day. When the tumor size exceeded approximately 1000 mm 3 , the mice were euthanized. For the establishment of lorlatinib-resistant JFCR-041-2 LorR tumors in vivo, the JFCR-041-2 cells-bearing BALB-c nu/nu mice were treated with lorlatinib 10 mg/kg. Once the JFCR-041-2 tumor grew under the lorlatinib 10 mg/kg treatment, the tumor pieces were re-transplanted into nude mice, and these were then treated with lorlatinib 30 mg/kg; the dose was gradually increased up to 50 mg/kg. Total cDNA was prepared from the total RNA purified from the resultant lorlatinibresistant tumors. Further, the ALK kinase domains were sequenced with Sanger Sequence.
ENU mutagenesis screening
Single clonal cells (1 × 10 6 cells/ml) were exposed to N-ethyl-Nnitrosourea (ENU) from SIGMA at concentrations of 100 μg/ml for 24-28 h. Then, the cells were washed with 50 ml of PBS and cultured in fresh DMEM for 24-48 h. Further, the cells with randomly induced mutations were seeded in 96-well plates (ALK-WT#13; 1 × 10 5 cells, G1202R#30 or #43; 5 × 10 4 cells, or I1171N#12; 3 × 10 5 cells in each well). The cells were cultured with lorlatinib (300, 600, or 1000 nM), ceritinib (300, 600, or 1000 nM), or alectinib (100, 500, or 1000 nM) for 2-4 weeks. The resistant clonal cells were picked and expanded.
Then, genomic DNA was prepared from these resistant cells by lysing them with proteinase K buffer. The regions of DNA encoding the ALK kinase domain amplified using KOD-Plus-Neo (TOYOBO) polymerase were sequenced.
Cell viability assays
The cells were seeded in triplicate into 96 well plates and treated with serial dilutions of different inhibitors. For the Ba/F3 cells, 2000 cells were plated into 96 well plates in triplicates and cultured in the media containing different drugs for 72 h. After incubation for 72 h, the cells were incubated with CellTiter-Glo reagent (Promega) for 10 min, and luminescence was measured using TriStar LB941 (Berthold Technologies). To analyze the data, the GraphPad Prism version 5.0 (GraphPad software) was used. The IC 50 values were determined using a nonlinear regression model with a sigmoidal dose response in GraphPad.
In vitro kinase assay of ALK protein and ALK-inhibitors
The recombinant proteins of the kinase domain of wild-type ALK and ALK-L1256F were purchased from Signal Chem. Appropriate amounts of target proteins were calculated as recommended by the ADP-Glo Assay manufacturer's protocol after incubating in 96-well half area white plates with serially diluted inhibitor over a 9-dose range (1 nM-10 μM) for 10 min at the room temperature. ATP at concentrations of 10, 30, and 100 nM was mixed with 100 μg ml −1 substrate and added to a kinase protein-inhibitor mixture, followed by incubation for 60 min at the room temperature. After the kinase reaction, an equal volume of ADP-Glo Reagent was added to terminate the kinase reaction, and the resultant ADP level was measured according to the manufacturer's instructions. The light generated by the luciferase/luciferin reaction was measured using the TriStar LB941 Luminometer.
Computational system for MD simulation
The initial structural data of the human ALK complexed with crizotinib, alectinib, ceritinib, lorlatinib, and brigatinib were obtained from the Protein Data Bank (PDB code: 2XP2, 3AOX, 4MKC, 4CLI, and 5J7H, respectively). The structures of disordered loops and flexible side chains were modeled using the structure preparation module in the Molecular Operating Environment (MOE, Chemical Computing Group, Montreal, Canada; version 2013.08) [16] . The N-and Ctermini of the protein models were capped with acetyl and N-methyl groups, respectively. The dominant protonation state at pH 7.0 was assigned for titratable residues. Each mutation was introduced into the structures of wild-type ALK using the structure preparation module in MOE.
Crizotinib, alectinib, ceritinib, lorlatinib, and brigatinib were protonated to form ionization states in the solution, and their net charges were set to +1, +1, +1, 0, and + 2, respectively. Each structure of the ALKTKIs was optimized, and the electrostatic potential was calculated at the HF/6-31G* level using the GAMESS program [17] , after which the atomic partial charges were obtained by the RESP approach [18] . The other parameters for the compounds were determined by the general Amber force field (GAFF) [19] using the antechamber module of AMBER Tools 12. The Amber ff99 force field was used for protein and ions [20] , and TIP3P was used for water molecules [21] . Water molecules were placed around the complex model with an encompassing distance of 8 Å, including approximately 12,000-13,000 water molecules. Next, charge-neutralizing ions were added to neutralize the system.
MD simulation and binding free energy estimation
All MD simulations were performed in periodic boundary conditions using the GROMACS 4 program [22] . We used the same simulation parameters as described by Araki et al. [23] . After each of the fully solvated systems was energy-minimized, it was equilibrated for 100 ps under the constant number of molecules, volume, and temperature conditions (NVT), and run for 100 ps under constant numbers of molecules, pressure, and temperature condition (NPT), with positional restraints on the protein's heavy atoms and compound atoms. The production runs were conducted under the NPT condition without the positional restraints. Five sets of 50 ns production runs and three sets of 20 ns production runs were performed with different velocities for the individual ALK-compound complex system and solvated compound system, respectively. The ALK-compound binding free energy (ΔG) was calculated by MP-CAFEE (Massively Parallel Computation of Absolute binding Free Energy with well-Equilibrated states), which is one of the alchemical free energy perturbation methods, especially the double annihilation method [24] . ΔG for each combination of ALK mutants and ALK-TKIs was computed according to a protocol described in our previous study [23] . All free energy simulations were performed on the K-computer (RIKEN, Japan).
FMO calculation
To analyze the interaction of alectinib-L1256 (ALK-I1171N) and alectinib-F1256 (ALK-I1171N + L1256F), Fragment Molecular Orbital (FMO) calculations were performed as follows. We extracted 5000 structures of the ALK-alectinib complex from 50 ns × 5 MD trajectories every 50 ps. 22 residues located within 5 Å from the bound-alectinib were defined as forming the drug-binding pocket. After the backbone Cα atoms were structurally aligned, tertiary structures of these residues and alectinib in the 5000 snapshots were clustered into 10 categories by using the k-means clustering method. For each clustering category, the structure that has the smallest r.m.s. deviation from the cluster center was selected as a representative structure. A total of 10 representative structures of the ALK-alectinib complex were extracted for each of ALK-I1171N and I1171N + L1256F mutants, and further analyzed by FMO calculations. In FMO calculations, amino acid residues and alectinib molecule were treated as a single fragment. Energy calculations was performed at RHF and MP2 levels of theory with resolution of the identity (RI) approximation [25] using cc-pVDZ basis set [26] . The interaction energies of alectinib-L1256 and -F1256 were evaluated from the weighted averaged inter fragment interaction energy (IFIE) over the 10 representative structures. In this study, PAICS program [27] was used for the FMO calculations.
Drug screening
Drug screening was performed as previously described using the SCADS Inhibitor Kit-1, 3 or 4 provided by the Screening Committee of Anticancer Drugs supported by a Grant-in-Aid for Scientific Research on Innovative Areas, Scientific Support Programs for Cancer Research, from the Ministry of Education, Culture, Sports, and Technology of Japan [28] . Parental Ba/F3 cells, EML4-ALK variant 1 wild-type or EML4-ALK-G1202R + L1196M expressing Ba/F3 cells, were treated with the indicated concentration of inhibitors for 72 h.
Results
Resistance mechanisms in alectinib refractory patients
We obtained biopsy specimens and malignant pleural fluid samples from three relapsed patients following treatment with alectinib (JFCR-041 and JFCR-009 were treated with alectinib as the first-line therapy, and JFCR-043 was treated as the second-line therapy after relapse on crizotinib). By sequencing the resistant tumor cells, we also found a G1202R mutation and I1171N mutations (Fig. 1a, b and c). We established cell lines with an I1171N mutation (JFCR-043) from inguinal lymph node biopsy and a G1202R mutation (JFCR041-2) from the pleural effusion. Then, we checked the ALK-TKIs sensitivities of these patient-derived JFCR-043 or JFCR-041-2 cells. As expected from the literature, the JFCR-043 cells harboring an I1171N mutation were sensitive to ceritinib or lorlatinib, but the JFCR-041-2 cells harboring a G1202R mutation were only sensitive to lorlatinib in our in vitro and in vivo studies (Fig. 1d , e, f and Supplementary Fig. 1a-d) . Indeed, as shown in Supplementary Fig. 1e , one patient with an I1171N mutation had received ceritinib after alectinib, and showed partial response. However, the tumor eventually relapsed with a G1202R mutation. According to the medical history, after the ceritinib treatment, the patient received chemotherapy, and the recurrent tumor was shown to contain G1202R-mutation harboring cancer cells as the dominant population, but the I1171N-harboring cancer cells still existed as a minor population in the pleural effusion (no G1202R mutation was detectable by deep sequencing before the ceritinib treatment).
3.2.
Identification of a lorlatinib-resistant G1202R + G1269A double mutation in a mouse xenograft model using patient-derived ALK-G1202R positive cells
To investigate the lorlatinib resistance mechanisms on G1202R-mutated ALK-positive NSCLCs, we subcutaneously transplanted patient-derived JFCR-041-2 cells (Fig. 1e , EML4-ALK variant3-G1202R) into the BALB-c nu/nu mice and treated them with increasing concentrations of lorlatinib. Initially, the tumor dramatically shrunk with the lorlatinib treatment, but it eventually started to re-grow, and we used the established lorlatinib-resistant JFCR-041-2 tumors (JFCR-041-2 LorR) for our experiments (Fig. 2a) . We discovered an ALK-G1202R + G1269A double mutation by sequencing of the ALK kinase domain from the JFCR-041-2 LorR cells (Fig. 2b) . ALK-G1202R + G1269A has been reported as a lorlatinib-resistant mutant, but an alternative drug has yet tobe identified [12] . We treated the JFCR-041-2 LorR cells harboring G1202R + G1269A with crizotinib, alectinib, ceritinib, brigatinib, or lorlatinib, and we analyzed the phosphorylation of ALK and its downstream signals by immunoblotting to confirm whether ALK-G1202R + G1269A double mutants were resistant to lorlatinib and checked the sensitivity of the mutants to the other ALK-TKIs. The ALK autophosphorylation and the phosphorylation of ALK downstream signaling molecules in the JFCR-041-2 LorR cells were maintained under crizotinib, alectinib, and ceritinib but were slightly decreased by lorlatinib and brigatinib. However, the autophosphorylation of ALK was more attenuated under treatment with brigatinib than with lorlatinib (Fig. 2c) . These results suggest that the ALK-G1202R + G1269A double mutation confers resistance to lorlatinib, but the mutants remain sensitive to brigatinib. To check this hypothesis, we performed in vivo experiments using the BALB-c nu/nu mouse model bearing JFCR-041-2 or JFCR-041-2-LorR. As a result, the growth of JFCR-041-2 LorR cells was inhibited by the treatment with brigatinib (50 mg/kg) compared with the treatment with vehicle control, with alectinib-(50 mg/kg) or lorlatinib-(10 mg/kg) treated groups ( Supplementary Fig. 2a-d) . Because several groups demonstrated that plasma levels of brigatinib at 50 mg/kg in mice were similar to 180 mg qd in patients, we determined the dose for mice at 50 mg/kg [29, 30] . Moreover, we introduced the ALK-G1202R + G1269A mutation to the Ba/F3 cells, assessed their cell viability, and performed immunoblotting experiments. We found that the Ba/F3-ALK-G1202R + G1269A cells were resistant to lorlatinib but moderately sensitive to brigatinib, similar to the ALK-G1202R single mutant ( Fig. 2c and d and Supplementary Table A) . The results of these in vivo and in vitro studies suggest that brigatinib may show some effect on lorlatinib-resistant cells harboring ALK-G1202R + G1269A double mutations. However, G1202R was also found from several relapse patients following the use of brigatinib. Therefore, this double mutation may not be overcome by brigatinib in the patients.
Identification of the crizotinib-or alectinib-resistant ALK mutations from ENU mutagenesis screening
To validate ENU mutagenesis screening methodology at first, we explored crizotinib or alectinib-resistant ALK mutants using Ba/F3 cells expressing EML4-ALK-wild-type clonal cells#13. As the results, C1156Y, I1171T, F1174C/I/V, L1196M, and I1268L mutations in ALK were identified as crizotinib-resistant mutants. In addition, I1171N/S/T, F1174I/V, and L1196M/Q mutations in ALK were obtained from alectinib-resistant cells ( Supplementary Fig. 3a-c) . Among these uncovered resistant mutations, we found that the L1196Q mutant, with a relatively uncharacterized alectinib-resistant mutation, was sensitive to ceritinib but resistant to crizotinib; and the crizotinibresistant I1268L mutant was sensitive to alectinib and ceritinib ( Supplementary Fig 3a, c, d and e) . In addition, we identified a new alectinib-resistant compound mutation V1185L + L1196M (Supplementary Fig. 3a) . To confirm the resistance of this V1185L + L1196M double mutation, we generated Ba/F3 cells expressing ALK-V1185L, -L1196M, or -V1185L + L1196M mutations. The cells with a V1185L mutation by itself did not show any resistance to alectinib, however, those with V1185L + L1196M mutations showed a higher resistance to alectinib than the cells with the L1196M mutation alone. Of note, these V1185L, L1196M, and V1185L + L1196M mutants were all similarly sensitive to ceritinib ( Supplementary  Fig. 3d and f) . , the mice were randomized into vehicle, lorlatinib (PF-06463922) 25 mg/kg, or alectinib 50 mg/kg (each group n = 6) and treated once daily by oral gavage for 5 to 6 days/week. The tumor size was measured twice weekly. Results are expressed as mean ± SD.
3.4. Discovery of the lorlatinib-resistant ALK-I1171N or -G1202R compound mutations, and the therapeutic strategies to overcome them Since we could discover the previously reported crizotinib-or alectinib-resistant ALK mutants from our ENU mutagenesis screening, by sequencing analysis. In addition, we identified several G1202R double mutations: G1202R + L1198F, + L1196M, + F1174C, or + F1174L. In total, we discovered 13 ALK I1171N or G1202R compound mutants ( Fig. 3a-d, Supplementary Fig. 4a ). ALK-I1171N and ALK-G1202R compound mutants showed 2.7-74-and 1.5-35-fold higher IC 50 to lorlatinib than each single mutation, respectively (Fig. 3e, f and Supplementary Tables B-F) . ALK-I1171N + L1198F, I1171N + C1156Y, G1202R + L1196M, and G1202R + F1174L were already identified in clinic as ceritinib-or lorlatinib-resistant ALK mutations [9] . However, because the therapeutic strategies to these ALK- non  10  100  300  1000  1000 Lorla  100 Criz  100 Ceri  300 Brig  non  10  1000  1000 Lorla  100 Criz  100 Ceri  300 Brig  non  10  100  300  1000  1000 Lorla  100 Criz  100 Ceri  300 Brig  non  10  100  300  1000  1000 Lorla  100 Criz  100 compound mutants have not been clarified yet, we examined the sensitivity of these compound mutants to clinically approved ALK-TKIs such as crizotinib, alectinib, ceritinib, or brigatinib. The early-generation ALKTKIs were found to be effective against some of the ALK-compound mutants, e.g., crizotinib suppressed ALK-G1202R + L1198F and -I1171N + L1198F as shown in the previous studies. In addition, alectinib could overcome ALK-I1171N + L1256F, whereas ALK-I1171N single mutant showed high resistance. Furthermore, ceritinib could suppress ALK-I1171N + L1196M and + G1269A, and brigatinib was active against the ALK-I1171N + L1198F, + L1196M, + L1256F, and + G1269A mutants (Fig. 3 and Supplementary Fig. 4b-h, 5 and 6 ). These results indicate that for certain lorlatinib-resistant compound mutations, an earlier generation ALK-TKI may be able to overcome resistance based on our in vitro studies.
Computational approach with MD simulation and FMO calculation for structure analysis of ALK-TKI interactions and binding affinity prediction of resistance mutations
In our previous study, where we found two alectinib resistance mutations (I1171T and V1180L), we performed computational simulations using MP-CAFEE and succeeded in quantifying the binding affinity of alectinib to these ALK-TKI resistant mutants, and we proposed resistance mechanisms deduced from their MD simulation and the free energy estimation. To strictly assess its prediction accuracy, we applied MP-CAFEE to several ALK mutants resistant to crizotinib, alectinib, or ceritinib, and compared the calculated binding free energy (ΔG) values with the experimental IC 50 values measured from in vitro viability assays using Ba/F3 cells expressing these ALK mutants. In addition, to evaluate the relative binding affinity between ALK-TKIs and ALK kinase, we also calculated ΔG between each ALK mutant with ATP. For all of the three TKIs, we obtained a clear linear correlation between the experimental IC 50 and ΔG of each TKI relative to that of ATP (Fig. 4a-c) . This result suggests that the free energy estimation using MP-CAFEE can correctly predict how each ALK-TKI resistant mutation will affect the drug-binding. Indeed, the L1198F mutation in ALK, which we identified from the analysis of ceritinibresistant cells that were established from H3122 cells continuously passage into media containing higher ceritinib concentrations, are highly sensitive to crizotinib. Our MD simulation reproduced the increased sensitivity for crizotinib and the decreased sensitivity for ceritinib (Fig. 4d-f) . Moreover, we applied this free energy estimation method to pairs of lorlatinib, crizotinib, or ceritinib and each ALK double mutant identified in this study. The ALK double mutant with especially high experimental IC 50 value to lorlatinib in the cell viability assays showed a significantly-decreased binding affinity for this TKI than each of the single mutants (Fig. 5a) . In contrast, ALK-I1171N + L1198F, or ALK-G1202R + L1198F exhibited higher binding affinities for crizotinib than each single mutant (I1171N or G1202R), consistent with the IC 50 values obtained by in vitro experiments. As a whole, we confirmed similar trends between ΔG values predicted for ALK double mutants and their experimental IC 50 values, however, the prediction failed for several mutant-drug pairs (Fig. 5b , and Supplementary Fig. 7a ).
ALK-L1256F single mutation confers resistance to lorlatinib but increases sensitivity to alectinib
To check if ALK-L1256F mutation contributes in alectinib resensitization of ALK-I1171N + L1256F, we tried to study the alectinib sensitivity of ALK-L1256F single or double mutation by using MP-CAFEE, and MD simulation methods. However, our MD simulation suggested that ALK-alectinib binding was not significantly affected by the Leu to Phe substitution on residue1256 although this residue is located very near the drug. Therefore, we hypothesized that MP-CAFEE, which is a free energy computation method based on the classical MD simulation, cannot accurately calculate the contribution of the interaction between alectinib and the phenylalanine residue at ALK-1256 through the delocalized π electron (Fig. 5c-g ). Next, we performed an FMO analysis, which is a quantum chemical method. From the FMO analysis, we can analyze the molecular interaction in large molecules such as proteins by dividing them into small fragments. The FMO-RHF method can calculate the polar interaction energy (electrostatic or charge transfer interaction), and the FMO-MP2 method can assess the non-polar interaction energy (van der Waals or dispersion interaction). Thus, the FMO-RHF and -MP2 calculations revealed reductions not only in the polar interaction but also in the non-polar interaction (the π-π interactions) between alectinib and ALK-I1171N + L1256F, or ALK-L1256F ( Supplementary Fig. 7b and c) . It is conceivable that the re-sensitivity of the ALK-I1171N + L1256F mutant to alectinib was the result of increasing the π-π interactions between the benzocarbazole moiety in alectinib and the phenyl group at ALK-1256.
Next, to examine whether L1256F mutation confer resistance to lorlatinib, we induced EML4-ALK-I1171N + L1256F, EML4-ALK-L1256F, or EML4-ALK-WT into H3122 and EML4-ALK-positive lung cancer cells and examined the sensitivity to lorlatinib and alectinib. Both I1171N + L1256F compound mutant and L1256F single mutant cells were found to be resistant to lorlatinib and sensitive to alectinib under in vitro and in vivo conditions. Notably, the I1171N + L1256F compound mutants showed higher resistance to lorlatinib than L1256F alone (Supplementary Fig 8) . Because H3122 cells express endogenous EML4-ALK (WT), we next constructed Ba/F3 cells expressing ALK-I1171N + L1256F and -L1256F, and confirmed the sensitivity to clinically approved ALK-TKIs. As a result, these two mutations showed resistance to lorlatinib and sensitivity to alectinib than the ALK-WT, and I1171N single mutant (Fig. 6a and b) . The MD simulation revealed that F1256 residue clashed with the fluorobenzene group of lorlatinib, resulting in the significant decrease of the van der Waals interaction between lorlatinib and F1256-mutated ALK kinase domain, and that lorlatinib may be extruded from ALK (Fig. 6c) . The Ba/F3-EML4-ALK-L1256F cells grew without IL-3, suggesting that ALK-L1256F possessed oncogenicity. To confirm the oncogenicity of L1256F single mutant, we performed soft agar assay and tumor formation assay using NIH3T3 cells expressing EML4-ALK-L1256F. As a result, NIH3T3 cells expressing EML4-ALK-L1256F showed tumorigenicity, although slightly weaker than that of NIH3T3 cells expressing EML4-ALK-WT (Fig. 6d and e) . We finally performed in vitro kinase assay to compare the activity of lorlatinib and alectinib against WT-or L1256F-mutated ALK using an ADP-Glo kit. We could confirm that the ALK-L1256F mutant was highly resistant to lorlatinib, but markedly sensitive to alectinib (Fig. 6f) . Although ALK-G1202R + L1196M compound mutations, previously reported in clinic and in vitro studies including this study, showed high resistance to all ALK-TKIs, the overcoming drug to this mutant has yet to be discovered. Therefore, we performed high throughput screening with 300 inhibitors with known drug targets. Our results showed AG-957, previously developed as a BCR-ABL inhibitor, preferentially suppressed the viability of G1202R + L1196M cells than that of ALK-WT or the ALK-G1202R mutated cells (Fig. 7a and b) . Therefore, to investigate the sensitivity to AG-957 in detail, we selected the EML4-ALK-G1202R + L1196M expressing BaF3 clonal cells#50 that showed a similar sensitivity to the HSP90 inhibitor 17-AAG as the Ba/F3 EML4-ALK wild-type, Ba/F3 G1202R, and G1202R + L1196M polyclonal cells. (Supplementary Fig. 9 ). Previous studies revealed that the stability of EML4-ALK was maintained by HSP90 and the sensitivity to 17-AAG was not changed regardless of the mutations in the ALK kinase domain [31, 32] . Next, we tested the detailed sensitivity of the G1202R + L1196M#50 cells to AG-957 and adaphostin, AG-957 analogue (Fig. 7c) . G1202R + L1196M cells#50 showed lower IC 50 values compared to ALK-G1202R, or ALK-WT cells (Fig 7d-g ). Because the treatment with AG-957 and adaphostin clearly decreased the autophosphorylation of ALK and the phosphorylation of downstream signals in a dose-dependent manner, it is suggested that AG-957 and adaphostin directly suppressed the ALK-G1202R + L1196M mutations (Fig. 7h) .
Discussion
ALK-I1171N and -G1202R were found to be highly resistant to alectinib in our study as well as in previous reports [9] . Because ALK-I1171N or -G1202R conferred resistances are believed to be overcome by ceritinib (only for I1171N) or lorlatinib, treatment with these agents would be useful after the first-line alectinib therapy. When our manuscript was under preparation, Yoda et al. reported various ALKcompound mutations after the second-line lorlatinib treatment [12] , but they did not show which drugs would be effective to overcome the resistances. In this study, we also discovered numerous lorlatinibor ceritinib-resistant ALK-compound mutations from both our in vivo mouse model and in vitro ENU mutagenesis screening experiments. The ALK-G1202R + G1269A mutants identified in our in vivo study have already been reported in patients. Further, our ENU mutagenesis screening was able to remarkably recapture several clinically identified ALK-crizotinib-, alectinib-, or lorlatinib-resistant mutations.
In our study, as previously reported in clinically detected lorlatinibresistant ALK-C1156Y + L1198F mutant, we also clearly demonstrated that crizotinib overcame the lorlatinib-resistant ALK-I1171N + L1198F and -G1202R + L1198F mutants. Thus, re-treatment with crizotinib may be effective when additional L1198F mutations are detected. In addition, by computational MD simulation, the present study revealed that the ΔG value of ALK-L1198F single mutant was lower than that of ALK-WT. To our surprise, we discovered the alectinib re-sensitization mutation ALK-I1117N + L1256F. Because ALK-L1256F single mutated cells were extremely sensitive to alectinib, the substitution of Leu with Phe at this position (L1256) rather than a conformational change of ALK kinase domain by I1117N and L1256F may be an important factor in alectinib re-sensitization of ALK-I1171N + L1256F (see below for details). To date, the L1256F single mutation has not been reported, and the L1256 residue is involved in maintaining the structure of the ALK kinase by configuring the C-spine and binding to crizotinib or lorlatinib [33] [34] [35] . Importantly, our study and another set of authors reported four ALK-L1256F single or compound mutations as lorlatinibresistance mechanisms [12] . Therefore, various ALK-L1256F single or compound mutations is expected to emerge in relapse patients following the use of lorlatinib in the future. In this study, we proved that ALK-L1256F single mutant are highly resistant to lorlatinib and markedly sensitive to alectinib in vitro, in cell lines (Ba/F3 and H3122 cells), and in vivo. In addition, NIH3T3 cells expressing EML4-ALK-L1256F demonstrated tumorigenicity in mouse, although slightly weaker than that exhibited by EML4-ALK-WT. Because I1171N + L1256F mutant showed higher resistance to lorlatinib and higher tumorigenicity than L1256F single mutant, and because lorlatinib is currently approved for the treatment of ALK-TKI treated patients, L1256F compound mutations may emerge in clinical settings in the future. For ALK-L1256F mutation or compound mutations, alectinib (or brigatinib) is expected to overcome the resistance.
Ceritinib was effective against the ALK-I1171N + G1269A and -I1171N + L1196M mutants. However, the cells with the compound G1202R + G1269A or G1202R + L1196M mutations exhibited resistance to it, suggesting that G1202R mutation significantly affects the binding affinity of ceritinib to ALK mutants. Conversely, brigatinib exhibited lower IC 50 against four ALK-I1171N compound mutants and demonstrated similar IC 50 against both G1202R alone and G1202R + G1269A compound mutation. Brigatinib was shown to be active against G1202R-mutated ALK both under in vitro and in vivo conditions. However, G1202R mutation was observed in approximately 50% of brigatinib refractory patients' tumor. Thus, in a clinical setting, the efficacy of brigatinib against lorlatinib-resistant G1202R + G1269A mutant may be limited.
Although the ALK-G1202R + L1196M mutants showed high resistance to all clinically approved ALK-TKIs, we found that AG-957 and adaphostin could overcome the resistances. AG-957, which is a member of the tyrphostin family, and the AG-957 analogue adaphostin were developed as BCR-ABL inhibitors. In this study, we found that G1202R + L1196M expressing Ba/F3 showed lower IC 50 to AG-957 or adaphostin compared with the BCR-ABL positive K562 cells and did not show any sensitivity to ABL inhibitors, such as imatinib, dasatinib, or ponatinib, thereby differing from K562 cells ( Supplementary  Fig. 10 ). Tyrphostin is a compound with a structure similar to that of the tyrosine kinase substrate [36] . AG-957 and adaphostin competitively suppress substrate binding in vitro (adaphostin suppresses both BCR-ABL-wild-type and BCR-ABL-T315I) [37, 38] . Considering that AG-957 or adaphostin probably bind to the substrate-binding site in the BCR-ABL kinase domain, these agents may also bind to the substratebinding region in the ALK kinase domain, and the substrate-binding site conformation of ALK-G1202R + L1196M may be changed compared with that of the WT or G1202R-mutated ALK. However, estimating the binding mode is currently difficult because the structures of the ALK kinase domain with AG-957 or adaphostin have not been revealed. With the crystal structure analysis of the ALK kinase domain with these inhibitors, it will be possible to develop a potent agent targeting the region other than a conventional drug-binding pocket such as the substrate-binding site. To understand how the mutation affects the ALK-TKI binding affinity, we developed a computational protocol that enable us to calculate the binding free energy (ΔG) of each ALK-TKI for various ALK mutants and then correlated ΔG with the actual experimental IC 50 . In this study, we found contradicting results between the calculated ΔG by MP-CAFEE methods and the cell based study of some mutants. In particular, this method could not detect the difference of ΔG between alectinib with ALK-I1171N or -I1171N + L1256F. Based on the FMO analysis combined to the MD simulation, we found the possibility that a π-π interaction between alectinib and the phenyl group in phenylalanine at 1256 in this mutant could cause alectinib re-sensitization by increasing the alectinib-binding affinity, indicating the importance of taking into consideration the quantum chemical calculations that simulate electrical interactions, which cannot be measured by conventional MD simulations alone, for accurate drug resistance prediction in silico. Because the FMO method calculates electrical interactions based on the structural model in a steady state extracted from the MD simulation, it is constrained in that it is greatly influenced by the selection of the steady state to be used in the FMO calculations.
In this study, we chose ENU mutagenesis screening to identify new lorlatinib-resistant mutations, but it has the following two limitations. First, because ENU mutagenesis screening displays a bias for variations of base substitution such as guanine to cytosine [39] , it may be difficult to find several mutations such as G1202R with it. For instance, in a G1202R mutation, base substitutions such as G-N A, and G-N C occur and these are less frequently encountered using ENU mutagenesis screenings. Second, because we confirmed only the mutations in the ALK kinase domain, we were not able to detect ALK-TKI resistance mechanisms such as the MET gene amplification or the activating of HER3 [40, 41] with our ENU mutagenesis screening. Because other lorlatinib-resistant mechanisms such as small cell transformations are expected, further analysis of lorlatinib resistance mechanisms is important. In addition, because our study did not assume that lorlatinib is treated as a first-line therapy and the therapy of lorlatinib + other ALK-TKIs, we think it would be informative to investigate more detailed analyses of lorlatinib-resistant mechanisms emerging from ALK-TKI naïve ALK-rearranged cancer cells. It should be noted that IC 50 value of Ba/F3 cells showing complete ALK-dependent proliferation is lower than the clinical IC 50 value.
In conclusion, our study demonstrates for the first time that some alectinib-lorlatinib-resistant ALK I1171N compound mutants become re-sensitized to clinically approved ALK-TKIs in our preclinical model system. Our study also revealed that ALK L1256F single mutant is resistant to lorlatinib but sensitive to alectinib. Therefore, our study suggests that the clarification of the relapsing mechanisms for patients on lorlatinib through biopsy or liquid-biopsy studies and the search for an effective drug against ALK-compound mutations may become important routine examinations in the near future in clinical settings. In addition, the combination of drug screening and further improvement of in silico simulation might bring an efficiency of drug development in the future.
